LFACTORY ensheathing cell transplants have been shown to exert neuroprotective and proregenerative effects in animal models of SCI 30, 31, 42, 44, 50 and demyelination, 2, 18, 25 raising optimism that they may be useful clinically. Precise data concerning the type and number of axons that show a growth response in the presence of OECs, the connectivity of the regenerated axons, and their influence on sensorimotor function, however, are scarce and confusing. In addition, we do not know the influence of lesion type and location on transplant success in promoting axon regeneration. In their initial studies in the rat, Li, et al., 30, 31 selectively damaged the CST between C-1 and C-2. A nonhemorrhagic electrolytic lesion of approximately 500 m in diameter was made. Transplanted OECs completely filled the lesion zone, bridging its proximal and distal edges and coming into contact with the damaged axons. This situation provided optimal experimental conditions that, according to the authors, permitted some DCST axons to regenerate through the lesion and elongate at least 1 cm into the distal spinal cord. More recently Li, et al., 29 transplanted OECs into cervical spinal cord hemisections and reported enhanced functional recovery without, however, providing evidence of axonal regeneration.
imately 500 m in diameter was made. Transplanted OECs completely filled the lesion zone, bridging its proximal and distal edges and coming into contact with the damaged axons. This situation provided optimal experimental conditions that, according to the authors, permitted some DCST axons to regenerate through the lesion and elongate at least 1 cm into the distal spinal cord. More recently Li, et al., 29 transplanted OECs into cervical spinal cord hemisections and reported enhanced functional recovery without, however, providing evidence of axonal regeneration.
Experimental SCI is most frequently performed at midthoracic segments. The OECs have been transplanted in two types of thoracic lesions, section and contusion, yielding somewhat controversial results. In the first case, Ramón-Cueto, et al., 42, 44 reported that OEC transplants promoted axonal regeneration of serotoninergic, locus coeruleus, propiospinal, sensory, and scarce corticospinal neurons. Except for the observation of some serotoninergic axons regrowing through the lesion, the authors of recent studies 17 have not confirmed such results. On the other hand, OECs were not shown to induce axonal regen- 
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Olfactory glia transplantation into cervical spinal cord contusion injuries eration when transplanted in thoracic segments 1 week after contusion injury. 46 These authors used anterograde tracers to study several neural systems, including the cortico-, reticulo-, and vestibulospinal tracts, and did not find axons growing through the transplant in any case, although some neuroprotective effect was noted.
Several facts encouraged us to assess the effects of OEC transplants in contused cervical spinal cords. First, approximately two thirds of human traumatic SCI occurs at cervical segments, about half of which exhibit the pathological features of contusion. 11 Second, the distance of the injury site from the neuronal cell body appears to be an important determinant of axonal regeneration, because neurons from brainstem nuclei show a greater regenerative response after induction of cervical than after thoracic spinal cord lesions. 16 , 45 Third, we have recently shown that mild C-7 contusion injury produces permanent forelimb deficits in elbow extension and body support during locomotion.
14 Segmental neuronal death and axonal destruction were associated with these deficits. Thus, the C-7 contusion model might be particularly useful for verifying the effects of mixed protective/proregenerative treatments, which could improve locomotion in the absence of long axonal regeneration. In the present study, no evidence of functional repair was observed 3 months after mild contusion injury and OEC transplantation.
Materials and Methods

Culture and Purification of OECs
Olfactory ensheathing cells were prepared as previously described. 19 Briefly, young adult (7-8-week-old) male Wistar rats, reared at the Cajal Institute, were used. The olfactory nerve and glomerular layers of the olfactory bulb were dissected, digested with trypsin and deoxyribonuclease, preplated for 6 hours at 37˚C in uncoated flasks to remove microglia and macrophages, and finally plated on flasks coated with poly-L-Lysine. Primary cultures were grown in a mixture of DMEM-F12 (1:1) supplemented with penicillin/streptomycin and 10% fetal bovine serum. The medium was replaced 48 hours later by a mixture of DMEM-F12 and conditioned medium (1:1) obtained from purified OEC cultures. Approximately 10 days were needed to produce confluent cultures and proceeding to negative cell purification. 19, 21 The cells were detached with trypsin-EDTA acid and recovered by centrifugation. Suspensions of OECs were incubated with a mixture of Dynabeads (Dynal, Oslo, Norway) M-450, coated with goat anti-mouse immunoglobulin G and M-280 (streptavidin coupled) to which anti-rat Thy 1 and biotinylated Isolectin B4 were previously linked. The tube was placed in a magnetic cell separator and the cells remaining in suspension were withdrawn by pipette and plated. This secondary culture was allowed to recover for 2 days, before being labeled with Fast Blue. Fluorescent cell labeling was performed by adding Fast Blue (5 g/ml [Sigma-Aldrich, Chemical Co., St. Louis, MO]) to the culture medium for 12 hours, after which the cells were washed, detached with trypsin-EDTA, suspended in DMEM at approximately 120,000 cells/l and kept at 4˚C until transplantation (~ 1 hour). Six separate cultures of the same cells were plated onto circular coverslips and processed for p75 NGF receptor (AB-1554; Chemicon, Pittsburgh, PA), GFAP (Z-0334; Dako, Carpinteria, CA), and Thy-1.1 (MAB-1406; Chemicon) immunohistochemical analysis to assess cell purity. Negative purification produced secondary cultures containing more than 90% OECs, as previously reported. 19, 21 The viability of Fast Blue-labeled OECs was assessed using the MTT reduction assay. 39 Purified cells were incubated with Fast Blue as described and then MTT (0.5 mg/ml) was added for 2 hours. The formazan crystals formed were dissolved in acidic isopropanol, and the solution absorbance was measured at a wavelength of 595 nm. Compared with unlabeled purified OECs, Fast Blue-labeled cells showed a viability of 90 Ϯ 1.4%.
Contusion and OEC Transplantation
The experimental protocols adhered to the recommendations of the European Commission and the Spanish regulations for the protection of experimental animals. All surgical procedures were performed after induction of anesthesia (pentobarbital [50 mg/kg] and xilazine [5 mg/kg]). A mild contusion at C-7 was performed in 24 animals, adapting the weight-drop technique of Allen.
1 For this, the spinous apophysis and posterior C-6 laminae were removed, the C-2 and T-2 spinous processes were clamped to stabilize the spinal column, and a 10-g weight was dropped from 12.5 mm onto a rectangular impounder (2.5 ϫ 3 mm) resting on the dura mater. The impounder was removed immediately. Injections of OEC suspension or DMEM were made at the midline of the spinal cord (1 mm deep) by using a Hamilton syringe equipped with special needles (120-m outer diameter, 60-m inner diameter, and 25 mm long). Immediately after contusion, 14 rats underwent OEC transplantation, each rat receiving approximately 1 million cells. Two different transplantation paradigms were used: 1) five cell injections, 0.5 mm apart, across the contusion zone (nine rats); and 2) five cell injections as before plus two additional injections at the location of the DCST, one 0.5 mm rostral and another 0.5 mm caudal to the lesion (five rats). The second transplant paradigm was designed with the idea that enhancing OEC-axon contact would improve the possibility of regeneration. Control rats were injected with cell suspension vehicle (DMEM) or nothing.
Anterograde Tracing of CST and Histological Procedures
Three months after contusion injury, the CST was traced by injection of DTMR (molecular weight 3000; Molecular Probes, Eugene, OR) into the right and left sensorimotor cortices. Ten injections of DTMR (0.3 l each, 10% in phosphate buffer 0.1 M, pH 7.35) were made into the hind-and forelimb cortical areas. 40 Two weeks later all animals were killed by transcardial perfusion with phosphate-buffered 4% paraformaldehyde. The cervical spinal cord was removed, cryoprotected (in 30% sucrose), embedded in tissuefreezing medium, and sectioned in a cryostat (30-m-thick parasagittal sections). Some sections were directly dehydrated and mounted, whereas others were processed for p75 NGF receptor (AB-1554; Chemicon), neurofilament (N-0142; Sigma-Aldrich Chemical Co.), or GFAP (Z-0334D; Dako) immunohistochemical analysis. Stained sections were observed using a microscope equipped for fluorescence and photographed at a resolution of 2776 ϫ 2074 pixels, with a digital image system (DP50; Olympus, Hamburg, Germany). Measurement of the extent of the lesion was performed on transverse and parasagittal sections after processing for van Gieson staining.
Assessment of Locomotion
Kinematics of locomotion were measured on video recordings (50 frames per second) captured while the rats walked spontaneously on a flat and transparent (120-cm-long, 14-cm-wide) surface toward a dark box. The camera was placed orthogonal to the line of movement and only bidimensional analysis, of the right side of the animal, was performed. The locomotion analysis was conducted 3 months after contusion injury, in subgroups of animals with C-7 contusion (seven rats), C-7 contusion and OEC transplantation (nine rats; transplant paradigm 1), and normal animals (nine rats). Points corresponding to hip, knee, ankle, metatarsus, shoulder, elbow, and wrist were marked on the shaved skin, and the movement of the points was automatically digitized using motion analysis software (WINanalyze; Mikromak GmbH, Münster, Germany) and processed to obtain the data of interest. The duration of stance (contact) and swing phases for the four limbs were determined with the help of a mirror placed at 45˚ below the walking surface. At least six gait cycles were randomly selected for analysis and the following variables were measured and mean values computed: 1) duration of the stance and swing phases for the four limbs; 2) forward velocity (eye horizontal velocity); and 3) relative joint angle of the elbow and knee, from which the maximum values (joint extension) were used for comparison among groups.
Statistical Analysis
One-way analysis of variance and the Student-Newman-Keuls posttest were used to compare kinematics data from normal, C-7-injured, and C-7-injured/OEC-transplanted animals. Values are presented as the means Ϯ 1 standard error of the mean. Significance values were chosen at a probability value less than 0.05.
Results
The weight-drop technique 1, 4, 7, 56 is frequently used in experimental SCI because it reproduces the main pathological features of human spinal cord contusion. 11, 14, 37 We used this technique to injure the rat C-7 segment. Identifying and measuring each segment before histological processing confirmed that the lesions always involved C-7, although a small variation was observed in some cases when the distal portion of C-6 was damaged while that of C-7 was spared. The damage extended longitudinally 2.93 Ϯ 0.49 mm (range 2.3-3.6 mm), causing the formation of cysts as previously described. 23 When observed in the transverse plane, the damage consisted of a central cavity that completely interrupted the DCST, whereas to various extents the dorsal columns and peripheral white matter were spared (Fig. 1) . The contusion did not break the meninges, thus preventing the invasion of fibroblasts into the lesion. When the animals were killed (3 months postinjury), the cysts were essentially acellular, although thin cellular trabeculae were observed in some cases. We have recently shown that this lesion, in addition to damaging the DCST, the dorsal columns, and the central gray matter, causes the death of approximately 40% of triceps brachii motor neurons. 14 
Transplanted Cell Identification, Survival, and Migration
Evaluation of spinal cord sections in the nine animals in which Fast Blue-labeled OECs were transplanted in five points across the lesion zone (see Materials and Methods) showed intense blue fluorescence, located in OEC nuclei, 3 months after transplantation (Figs. 2-4) . No OEC migration was observed. Transplanted cells remained at the lesion-implant site, and processes from the host astrocytes grew into the transplant (Figs. 2C and 4D) . A disorganized mass of fluorescent cells, contiguous with the host tissue and completely filling the cyst, was found in four of nine animals ( Fig. 2A) . In another three cases, the mass of fluorescent cells filled approximately 1 mm 2 of the lesion zone and was surrounded by cell-free cysts (Figs. 2B and 3A). In the remaining two transplant-treated animals poor OEC survival was observed, with the cells forming trabeculae inside the cysts (Fig. 4) . Fast Blue was found mainly in oval nuclei closely resembling those of OECs (Figs. 2C and 3D) ; however, the label was also transferred to some host cells, particularly macrophages and ependymal cells, apparently in amounts inversely proportional to transplant survival. Immunostaining for GFAP and p75 NGFR permitted a better assessment of the cell types exhibiting Fast Blue fluorescence. Long GFAP-positive processes were found inside the transplant, but they were never costained with Fast Blue, indicating that they belonged to host astrocytes. Interestingly, these long astrocyte processes intermingled with OECs and neurites (Figs. 2C and 4D). We found in every transplanted animal numerous Fast Blue-positive, p75 NGFR positive cells (see for example Fig. 4E and F) . Olfactory ensheathing cells are known to express p75 NGFR, 43 a property used for their identification within two weeks of transplantation; 30, 31 however, Schwann cells also express p75 NGFR, and it is well known that they invade the lesion zone in rodent 3,9,32 and human SCI. 24 Indeed, we identified p75 NGFR-positive cells in the tissue surrounding the lesion of nontransplanted controls, the cysts of which were essentially acellular except for thin trabeculae. Thus, the Fast Blue/p75 NGFR-positive cells observed in the lesion could be either transplanted OECs or host Schwann cells. Finally, many Fast Blue-positive cells were negative for p75 NGFR and GFAP, and their oval nuclei were clearly different from macrophages. It is likely that these cells were mostly transplanted OECs.
Effects of Transplants on Nerve Fiber Growth
The DCST was completely interrupted in all injured animals, and OEC transplants did not promote its regeneration (Figs. 2-4 ), even when a mass of cells filled the injured zone. Dorsal CST axons ended as retraction bulbs at the proximal edge of the lesion, or they occasionally penetrated a few micrometers into the lesion in both transplanted and control animals. Numerous neurofilamentpositive processes of undetermined origin were observed, however, within the transplants (Figs. 2E, 3C and E, and 4C). They appeared to arise from axons spared from lesion and from spinal neurons. These processes followed the random orientation of transplanted cells, aligning longitudinally in the spinal cord in some cases (Figs. 2E and 4C) and forming aberrant loops in others ( Fig. 3C and E) .
In five rats OECs were implanted into the contusion zone as well as 0.5 mm rostral and 0.5 mm caudal to it, with the aim of promoting OEC-axon contact and regeneration; however, Fast Blue-labeled cells remained confined to the injection site, and corticospinal axons never grew across the lesion, ending at its proximal edge as occurred in specimens in transplant paradigm 1.
Effect of OEC Transplants on Locomotor Recovery
Rat locomotion after mild contusion injury of C-7 has been recently characterized.
14 Although the animals were able to feed themselves immediately after recovering from anesthesia and did not require special postinjury care, they exhibited evident forelimb impairment as well as trunk instability. They stood well on their hindlimbs from the 1st postoperative days, but locomotion was abnormal because of a lack of body support provided by the forelimbs. By 2 weeks postoperatively, all rats recovered limb locomotion in all four limbs, and impairments were not apparent to an untrained person; however, specific chronic locomotor deficits persisted, particularly reduced elbow extension and deficient forelimb-related body support. The animals recovered stability by increasing the stance phases of both fore-and hindlimbs, at the cost of reducing forward velocity. There was no obvious loss of locomotor hindlimb function, at least at low walking velocities on a flat surface.
Olfactory ensheathing cell transplants did not improve the impairments observed after C-7 contusion. In comparison with normal animals, both contusion-and contusion/ OEC transplantion-treated animals exhibited reduced elbow extension (normal 144 Ϯ 2.5˚; contused 118 Ϯ 5.4˚; and contused/transplanted 116 Ϯ 1.8˚; p Ͻ0.0001). During the first evaluations of injured animals, the forelimb was not capable of supporting the body, collapsing, instead, at the beginning of the stance phase. The animals compensated for this impairment by increasing the duration of the stance phase of both the hindlimbs and the forelimbs (mean for the four limbs: normal 0.26 Ϯ 0.02 seconds; contused 0.46 Ϯ 0.04 seconds; and contused/transplanted 0.41 Ϯ 0.04 seconds; p Ͻ 0.0001). As a result of this compensation, the percentage of time that more than two limbs were supporting the body during the walking cycle was increased, maintaining stability but reducing forward velocity (normal 0.37 Ϯ 0.02; contused 0.18 Ϯ 0.02; and contused/transplanted 0.21 Ϯ 0.01 m/second; p Ͻ 0.0001). It is important to mention that these adaptations in the walking cycle may not be definitive. Our preliminary observations indicate that elbow extension deficit persists in C-7-injured animals retrained to walk, whereas stance phase duration and spontaneous forward velocity can reach almost normal values. The animals compensate for forelimb dysfunction by changing the temporal and geometrical organization of the walking cycle and transferring more body weight to the hindlimbs (JE Collazos-Castro, unpublished observations). For a better understanding of these adaptations, a combination of kinematics, kinetic, and electrophysiological studies is necessary.
Discussion
We explored the use of OEC transplants for repairing C-7 contusion injuries. No regeneration of the DCST was observed. Collaterals from other axons grew into the transplant, following the random orientation of the cells and sometimes forming loops of pathological appearance. Furthermore, OEC transplants did not improve locomotor deficits. These observations stand in contrast to those reported in previous studies in which regeneration was observed after cervical DCST electrolytic lesioning and OEC transplantion, 29, 31 and yet they are in agreement with recent studies in which no regeneration was found after thoracic spinal cord contusion 46 or transection. 17 The first requirement for successful lesion repair is survival of the transplant. In the present study, a mass of cells inside the cysts was observed only in transplant-treated animals; however, it was not clear which of the observed cells belonged to the host and which were transplanted cells. The use of techniques for specific cell identification is necessary to estimate the proportion of surviving transplanted cells. Transplanted OECs had been accurately followed in some studies, 6, 29 but never for longer than 3 weeks, and the number of surviving cells has never been estimated. We labeled OECs with Fast Blue obtaining an intense longlasting fluorescence. Unfortunately, after OECs were transplanted the marker spread to some host cells, particularly macrophages, ependymal cells and probably Schwann cells. Immunohistochemical analysis showed that a portion of Fast Blue-labeled cells were also positive for p75 NGFR. These cells may be either trans- p75-labeled cells intermingled with axons and were found associated with long astrocyte processes growing into the transplant, a behavior similar to that of astrocytes after Schwann cell transplantation into the brain. 8 Numerous neurites grew into the transplant site, but no regeneration of the CST was observed. Qualitatively similar effects have been demonstrated after Schwann cells or OECs were transplanted in rats with spinal cord contusion 34, 46 or transection. 17, 22 Although OECs and Schwann cells are considered different cell types, their molecular phenotypes share several similarities. 52 Properties such as the ability to migrate far from the implant site were thought to differentiate OECs from Schwann cells and to facilitate axonal regeneration in spinal cord-transected rats; 44 however, in neither the present study nor in others involving better cell identification techniques 6, 29 have OECs been observed migrating away from the transplant site, and the previous observations of CST regeneration 19, 21, 42 have not been confirmed. 17, 46 What seems clear is that the growth of some axonal processes, particularly serotoninergic and sensory axons, is favored by OEC transplants; 17, 42, 44 however, it must be recalled that serotoninergic and sensory axons are those that grow spontaneously after SCI. 9, 13, 24 Furthermore, it must also be remembered that the sprouts observed invading the transplants may be terminal sprouts from nondamaged axons ending near the lesion or collaterals from uninjured axons ending in unrelated targets and that their sprouting into the lesion area may not necessarily be advantageous for functional recovery. Indeed, spontaneous Schwann cell invasion and axonal sprouting from sensory and spinal neurons into the lesion is well known after SCI in mammals, 3, 9, 35, 49 humans included, 24 and is not associated with functional benefits. In this context it is worth noting that OECs do not associate with axons after they are implanted into the injured spinal cord, but they do enhance Schwann cell migration into the lesion, the latter cells associating with myelinated and unmyelinated axons. 6 Our results are compatible with the hypothesis that Schwann cells could be responsible for the increased axonal sprouting observed after OEC transplantation in models of SCI.
It is unlikely that Fast Blue labeling had caused the failure of OECs to promote DCST regrowth because the marker did not affect OEC viability in vitro, and the transplanted cells increased the growth of host neuron and astrocyte processes as reported by others. 27, 44 It is possible that the magnitude of the lesion and the disruption of blood capillaries hampered regeneration. We used the weight-drop technique 1 to produce a contusion injury that destroyed the DCST and the surrounding tissue for approximately 2.5 mm, whereas Li, et al., 30, 31 made a nonbleeding electrolytic lesion of approximately 500-m diameter that preserved the architecture of the spinal cord. According to these authors, this small lesion permitted OECs to directly contact the cut axons and bridge the proximal and distal edges of the lesion, optimizing the conditions for regeneration. Although the weight-drop technique reproduces the main histopathological features of human spinal cord contusion, it creates a larger and more complex lesion that prevents close interaction between axons and transplanted cells; however, in addition to lesion size, other neurobiological factors may explain the negative results presented here. Corticospinal neurons may fail to initiate axonal growth after axotomy, 20 or OECs may not express the appropriate phenotype to induce their growth, as is the case for Schwann cells.
Approximately two thirds of human traumatic SCIs occur in the cervical spine.
11 Although most functional deficits reflect the interruption of axonal pathways, patients also suffer impairments caused by loss of segmental neurons. 38 In particular, arm motor deficits arise from both segmental neuronal death and reduced input to the neurons. 15, 47, 48 Forelimb (arm) motor deficits can be modeled in rodents, frequently by using the selective interruption of the CST. 12, 55 This results in forelimb dysfunction in reach-to-grasp movements but not locomotion impairment, at least in terms of walking velocities. Reach-tograsp movements involve whole-body orientation and postural adjustments, a series of 10 arm and paw kinematic sequences and arpeggio movements. 54 ,55 A rat's reachto-grasp movements are homologous to those of monkeys and humans, 26 which also manifest hand dysfunction after CST lesioning. 28 Li, et al., 30, 31 after selectively damaging the cervical DCST in rats and transplanting OECs into the lesion, reported some axonal regeneration and recovery of forelimb reaching function. Unfortunately, the movements were scored as an end point task, and their components were not studied. Because of the complexity of these movements, the use of an end point measurement as the indicator of functional recovery is insufficient. 36 For instance, after dorsal column lesions in rats, reaching movements can be completely compensated, whereas impairments in limb synergies persist. 36 Furthermore, the ventral CST appears to participate in functional compensation after DCST lesion, 51 as probably other tracts do, because the execution of reaching movements is not exclusive competence of the CST. 26 Locomotion on a flat surface free of obstacles is highly stereotyped. It is a "simple" task, where gravity is the main factor limiting the movement of the animal. Therefore, the efficiency of locomotion is directly related to generation of force for body support and propulsion during the stance phase. Swing phase execution is, of course, indispensable for progression of the walking cycle, taking the paw to the correct place to receive the load of the accelerated body. The measurement of durations of the stance and swing phases, joint angles, and horizontal velocity provides a general idea of how locomotion is executed.
We have advanced the characterization of locomotion after C-7 mild contusion. 14 The loss of approximately 40% of triceps brachii motor neurons is in agreement with the observed deficits in elbow extension and weight support on the forelimbs. The resultant deficits can be regarded as a segmental "C-7 motor syndrome," because hindlimb motor function apparently remains normal, as least for locomotion at walking velocities. Axonal damage and interneuron death probably contribute to the permanent nature of the syndrome. This is suggested by the fact that more than half of triceps brachii motor neurons are spared from the lesion, and neuromuscular adaptations that compensate for motor deficits after partial denervation of limb extensors have been reported, the motor neurons of synergistic muscles receiving increased modulation by sensory feedback 5, 41 and/ or supraspinal systems. 41, 53 Adaptations may also occur in the peripheral nervous system by sprouting of intact axons into denervated or synergistic muscles. 10, 33 A clear difference between nerve section-or cord contusion-induced partial muscle denervation is that in the latter interneurons and descending and ascending axons are injured in addition to motor neurons; the damage of those elements probably limits the activation of adaptive mechanisms. A combination of kinematic, kinetic, and electrophysiological techniques will be required to test this hypothesis. The availability of an SCI model in which permanent focal deficits may be detected after incomplete lesioning is of interest for testing repairbased strategies. In this model, neuroprotective and/or proregenerative interventions may reveal clear functional benefits, even with little beneficial effect on the tissue and in the absence of long axon tract regeneration. Unfortunately, this was not the case after OEC transplantation.
Conclusions
Analysis of the data obtained in this study indicates that OEC transplants alone are not sufficient to promote neural repair and function recovery after contusion-induced SCI. Several factors may account for these results. Intrinsic constraints of adult cortical neurons could prevent DCST regeneration, or OECs may not possess a general proregenerative/neuroprotective effect. Furthermore, the destruction of tissue architecture at the lesion site probably impeded the adequate interaction between axons and transplanted cells. Central nervous system repair probably cannot be effected by unspecific interventions because the highly specialized connectivity and function of the spinal cord demands a selective approach. The three-dimensional reconstruction of neural tissue is a real challenge. We hope that improved neural repair results will be obtained by culturing growth-promoting cells on three-dimensional substrates for implantation into the lesion. Further studies should be conducted to determine the real utility of OEC transplants for the treatment of human central nervous system injuries.
